Abstract
Introduction
SM performances have been assessed in many studies by comparing measured and modeled L ↓ at hourly 48 and daily time-steps (e.g. Sugita and Brutsaert (1993b) show that the best models were Brunt (1932) , Brutsaert (1975) and Idso (1981) This paper introduces the LongWave Radiation Balance package (LWRB) of the JGrass-NewAGE modelling 60 system Formetta et al. (2014a) . LWRB implements 10 formulations for L ↓ and one for L ↑ longwave radiation.
61
The package was systematically tested against measured L ↓ and L ↑ longwave radiation data from 24 stations 62 across the USA, chosen from the 65 stations of the AmeriFlux Network. Unlike all previous works, the LWRB 63 component follows the specifications of the Object Modeling System (OMS) framework, David et al. (2013) . 64 Therefore, it can use all of the JGrass-NewAge tools for the automatic calibration algorithms, data management and GIS visualization, and it can be seamlessly integrated into various modeling solutions for the estimation of 66 water budget fluxes (Formetta et al., 2014a) .
67
The paper is organized into five sections, with Section 1 being this introduction. Section 2 describes method-68 ology, calibration and verification for the L ↓ and L ↑ models. Section 3 presents the study sites and the datasets air temperature, and soil temperature at 4 cm below surface). In Section 5 we present our conclusions. (1)
where σ = 5. Idso and Jackson
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99
The formulation of the L ↑ requires the soil emissivity, which usually is a property of the nature of a surface, 100 and the surface soil temperature. 
116
Model outputs are L ↓ and L ↑ . These can be provided in single points of specified coordinates or over a 
Calibration of L ↓ longwave radiation models

120
Model calibration estimates the site-specific parameters of L ↓ models by tweaking them with a specific algorithm 121 in order to best fit measured data. 
125
In this case, the global search algorithm is the Shuffled Complex Evolution, which has been widely used and (KGE), which is described below, but LUCA could use other objective functions just as well.
128
The calibration procedure for L ↓ follows these steps:
129
• The theoretical solar radiation at the top of the atmosphere (I top ) is computed using the SWRB (see 
135
• The parameters X, Y, and Z for the models in table 1 are optimised using the subset L ↓clear and setting 136 a=0 in eq. 3.
137
• The parameters a and b for eq. 3 are optimized using the subset L ↓cloud and using the X, Y, and Z values 138 computed in the previous step.
139
The calibration procedure provides the optimal set of parameters at a given location for each of the ten 140 models.
141
As well as parameter calibration, we carry out a model parameter sensitivity analysis and we provide a linear 142 regression model relating a set of site-specific optimal parameters with easily available climatic variables, such 143 as mean air temperature, relative humidity, precipitation and altitude. while σ S and σ M are the standard deviations, of measured and simulated time series. 
where M and S represents the measured and simulated data respectively. Hydrol 
Sensitivity analysis of L ↓ models
203
For each L ↓ model we carry out a model parameters sensitivity analysis to investigate the effects and significance 204 of parameters on performance for different model structures (i.e. models with one, two, and three parameters).
205
The analyses are structured according to the following steps:
206
• we start with the optimal parameter set, computed by the optimization process for the selected model;
207
• all parameters are kept constant and equal to the optimal parameter set, except for the parameter under 208 analysis;
209
• 1000 random values of the analyzed parameter are picked from a uniform distribution centered on the 210 optimal value with width equal to ± 30% of the optimal value; in this way 1000 model parameter sets
211
were defined and 1000 model runs were performed;
212
• 1000 values of KGE are computed by comparing the model outputs with measured time series.
213
The procedure was repeated for each parameter of each model. The calibration procedure that allows the estimation of site specific parameters for L ↓ models requires measured 225 downwelling longwave data. Because these measurements are rarely available, we implement a straightforward 
232
The regressors we have selected are: mean annual air temperature, relative humidity, precipitation, and altitude. The models that we use for the three parameters are presented in equations (6), (7), and (8):
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where N=4 is the number of regressors (annual mean air temperature, relative humidity, precipitation, The performances of the L ↓ models using parameters assessed by linear regression are evaluated through 240 the leave-one-out cross validation (Efron and Efron, 1982) . We use 23 stations as training-sets for equations
241
(6), (7), and (8) proxy for the L ↑ longwave radiation.
288
The integration of the package into JGrass-NewAge will allow users to build complex modeling solutions 289 for various hydrological scopes. In fact, future work will include the link of the LWRB package to the existing 290 components of JGrass-NewAge to investigate L ↓ and L ↑ effects on evapotranspiration, snow melting, and glacier 291 evolution.
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Replicable Research
302
In order that interested researchers may replicate or extend our results, our codes are made available at 303 https : //github.com/geof ramecomponents.
304
Instructions for using the code can be found at:
305 http : //geof rame.blogspot.co.uk/2016/04/lwrb − component − latest − documentation.html.
306
Regression of parameters were performed in R and are available at 307 https : //github.com/GEOf rameOM SP rojects/OM S_P roject_LW RB/blob/master/docs/Regression.R 308
